Abstract-A multispectral 24 × 24 bolometric matrix structure of terahertz (THz) absorbers operating at 0.3-0.4 THz was proposed and experimentally investigated. Each pixel of the structure was implemented as a fragment of an ultra-thin metamaterial absorber. The matrix structure consisted of four types of pixels with nearly perfect absorptivity. Three pixels were at 0.30, 0.33, 0.36 THz respectively with identically oriented polarization sensitivity, and the fourth pixel was at 0.33 THz oriented with polarization sensitivity orthogonal to foregoing ones. The backside of the structure included a high-performance infrared emissive layer. Resonant absorption of THz radiation induced the structure heating and increasing IR emission from the emissive layer, which was henceforth detected by the IR camera. The terahertz imaging system, capable to operate in real time, with spectral and polarization discrimination was demonstrated. The experimental results showed good spectral and polarization resolution together with acceptable spatial resolution.
INTRODUCTION
Multispectral and hyperspectral imaging are powerful techniques, which expand informativity of the inspected objects by detecting images simultaneously in tens or hundreds spectral bands [1] [2] [3] . Such an approach to enhance discrimination between different types of investigated objects or materials is commonly used in the visible and infrared ranges, and is effectively utilized for remote sensing in mineralogy, agriculture, geology and biomedical engineering [1] [2] [3] [4] [5] [6] [7] [8] .
Multispectral imaging has the same prospects for the rapidly developing terahertz science and technology [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The use of terahertz waves to spectroscopically detect and identify concealed materials through their characteristic transmission or reflection spectra is one of the prospective solutions for locating, detecting and characterizing concealed threats such as plastic explosives, chemical and biological agents, illegal drugs [12] [13] [14] . For example, many explosives (such as C-4, HMX, RDX and TNT) and illegal drugs (for example, methamphetamine) have characteristic transmission/reflection spectra in the THz range that could be distinguishable from other materials such as clothing, wrappers and human skin. These materials should appear in different 'colors' to a THz detector as compared to non-hazardous items. Using THz spectroscopy, it should be possible to detect explosives or drugs even if they are concealed, since the THz radiation is readily transmitted through plastics, clothing, paper products and other non-conductive (non-metallic) materials. By comparing measured THz spectra with known calibration spectra (spectral fingerprints), one may identify the presence of these agents and distinguish them from benign objects. The multispectral THz imaging has the same prospects for the investigation of biomedical tissues, such as probing surface and subcutaneous properties of skin and detection of tooth decay [16] [17] [18] [19] . In [14, 15, 17, 18] , the frequency sweep together with 2D scanning was used for multispectral image processing. The main disadvantage of the described methods was in long time procedure of sequential sample scanning at different frequencies. A multispectral imaging system for millimeter wavelengths based on cascade of matrix absorbers was proposed in [21] for space researches. But this system operated at cryogenic temperatures. However, for ground-based sensing, it is desirable to create an uncooled, inexpensive and easy-to-use system, capable of operating in real time.
MULTISPECTRAL TERAHERTZ-TO-INFRARED CONVERTER

Pixel Structure
In a previous work [22] , we proposed an uncooled terahertz imaging system operating in real time. The system was designed for operation at a single frequency of 0.30 THz and utilized the scheme of terahertz (THz) to infrared (IR) conversion with IR detection by a conventional IR camera. Using this approach, in this work we proposed a multispectral terahertz sensor which had a 24 × 24 focal plane array of polarization-selective resonant absorbers (pixels) operating at 0.30, 0.33, 0.36 THz (Fig. 1) . Each pixel of the array was implemented as a 0.9 × 0.9 mm 2 unit of an ultra-thin artificial impedance surface [23] (AIS). The pixel size was chosen to be close to operational wavelength in order to minimize the overall dimension of the structure. The pixels were located on the square lattice with X-and Y -periodicities of 1.3 mm. Each AIS unit included a subwavelength frequency-selective surface (FSS) or metasurface (MS), and a dielectric film with metal "ground" layer ( Fig. 1) . The free-space wavelength exceeded the AIS thickness by a factor of 41-50. Such optically thin absorbers were considered as a kind of metamaterial structures [24, 25] .
A graphitized layer of 10 µm deposited over the outer surface of the AIS layer, served as an infrared emissive layer with nearly perfect absorptivity (emissivity factor of 0.93). Resonant absorption of THz Figure 1 . Scheme of matrix structure of the absorbers. AISartificial impedance surface, which acts as a metamaterial absorber and includes: MS -metasurface, PP -polypropylene film, "GL" -metal "ground" layer. Resonant frequencies, size and period (in millimeters) of the pixels are indicated in the figure. Arrows indicate the direction of the linear polarization corresponding to the maximal absorption. EL -IR emissive layer. Thicknesses of the PP film and EL are 20 and 10 µm, respectively. Thickness of the aluminum layer for MS and "GL" is 0.4 µm. radiation induced the sufficient pixel heating that increased an infrared radiation emission from the emissive layer. The IR emission was detected by a commercial IR camera.
Converter Fabrication
A polypropylene film (PP) with a thickness d = 20 µm was used as the AIS dielectric self-supporting substrate. The PP film was metallized on both sides by a thermal vacuum deposition of 0.4 µm thick aluminum as the highly-conductive "ground" back and top layers. A photolithographically-patterned split ring resonator array (SRR) [22, 26, 27] was utilized as a polarization-selective metasurface of a capacitive type in the AIS with a configuration of "metasurface + grounded dielectric slab" (Fig. 2) . 
SRR Parameters
The SRR geometric parameters of each THz absorber were numerically optimized by a 3D Full-wave electromagnetic analysis using the Ansoft HFSS TM software by exploiting the regime of Floquet ports and periodic boundary conditions applied to the AIS unit cell. For a fixed PP thickness of 20 µm, an optimal combination of SRR geometric parameters (A, B, C in Fig. 2(a) ) were determined to provide a reflectivity factor below −30 dB at AIS resonance frequencies ν = 0.30, 0.33, 0.36 THz. Photomicrographs of the fabricated splitring resonators are shown in Fig. 2(b) . The absorption spectra, derived from the simulated and experimentally measured reflectivity spectra related to the normal excitation, are shown in Fig. 3 . The upper and lower spectra correspond to co-polar (E ⊥ SRR gaps) and Figure 3 . Absorptivity spectra of the absorbers for two orthogonal polarizations. Simulated and measured spectra are shown by dashed and solid lines respectively. Polarization directions relative to SRR gap for co-polar (E ⊥ SRR gaps) and cross-polar (E SRR gaps) polarization modes are shown in insets.
cross-polar (E SRR gaps) polarization modes respectively, where E is the vector of the electric field. A good agreement between simulations and measurements can be seen from the figure. The relative bandwidth ∆ν/ν of the co-polar absorption resonance is 6% at out-of-band absorptivity below 2% up to 0.55 THz. This provides a high spectral selectivity of the sensor. The second-order resonance for co-polar excitation appears only at frequencies above 0.70 THz. For cross-polar excitation, the absorption resonance is shifted towards higher frequencies approximately by 60% relative to the fundamental resonance at co-polar excitation. It is essential that the crosspolar absorptivity at the resonant frequency of co-polar excitation (0.30, 0.33, 0.36 THz) is below 2% that provides a high polarization discrimination of the proposed absorber.
Matrix Structure
The matrix structure consists of four types of the absorbers described above (Fig. 1 ). Three absorbers with resonant frequencies at 0.30, 0.33, 0.36 THz have identical polarization sensitivity (shown by arrows). The fourth absorber with a resonant frequency at 0.33 THz has a polarization sensitivity orthogonal to foregoing ones due to a 90-degree turn of the topological pattern in this array. Hence, the polarization direction of the incident linear polarized radiation at 0.33 THz can be determined by comparing signal intensities of orthogonally oriented pixels. Polarization difference imaging technique can facilitate detection and feature extraction of targets in scattering or reflecting media (see, for example, works [28] [29] [30] [31] and references there).
EXPERIMENTAL SETUP
The proposed matrix structure was fabricated and experimentally investigated using a backward wave oscillator (BWO) with tunable output wavelength and 3-10 mW emission power as the source of monochromatic terahertz radiation both for imaging experiments and AIS characterization. The optical scheme for imaging experiments is shown in Fig. 4 . The matrix structure was illuminated by a terahertz beam from the metasurface side, while IR radiation from the emissive layer was detected by the IR camera. We used IR camera with Noise Equivalent Temperature Difference (NETD) of 0.1 K. To reduce the energy dissipation due to an air thermal conductivity, the structure was placed into a vacuum chamber, which is supplied with input THz window (high density polyethylene) and with output IR window (coated ZnSe). To reduce a lateral thermal conductivity through the structure, the metal "ground" layer and emissive layer between metasurface fragments (pixels) were removed by the explosive photolithography.
EXPERIMENTAL RESULTS
We consecutively measured the images at BWO frequencies, 0.30 THz (4.0 mW), 0.33 THz (3.1 mW) and 0.36 THz (2.8 mW), under co-polar excitation for each type of pixels (Fig. 5, top) . Each type of pixel is colored for better perception of the matrix image. The red, green and blue colors indicate the pixels with resonant absorptivity at 0.30, 0.33, and 0.36 THz, respectively and correspond to identical ("vertical") polarization sensitivity. The yellow color corresponds to pixels with resonant absorptivity at 0.33 THz, but with polarization sensitivity oriented orthogonally ("horizontally") to the previous three.
Arrows in Fig. 5 indicate the direction of the linear polarization corresponding to the maximal absorption. The image composed of four consecutively received monochromatic images is shown in Fig. 5 (bottom). It can be seen that signals from pixels produce good spatial resolution. The compound image, shown in Fig. 5 , will be real in case of using a nonpolarized broadband source of radiation, containing frequencies within a range of 0.3-0.4 THz. As shown in our previous work [22] , such a converter provides detection of THz radiation in real time due to small thickness of the converter and, therefore, its small thermal capacity. Unlike the multispectral imaging systems described in [14, 15, 17, 18] , our approach allows simultaneous multispectral imaging with a desired set of frequencies. Such a multichannel receiver improves the efficiency of the measurements. Figure 5 . Fragment of image of the matrix structure (bottom), which is composed of four consecutively received IR images under monochromatic terahertz illumination from a BWO (top). Red, green, and blue spots correspond respectively to pixels with resonant absorption frequencies, 0.30, 0.33, and 0.36 THz and "vertical" polarization sensitivity (shown by arrows). The yellow spots indicate pixels with resonant absorption frequency (0.33 THz) and sensitive to "horizontal" polarization (shown by yellow arrows). This matrix unit cell is magnified at right.
CONCLUSION
We proposed and realized a multispectral 24 × 24 bolometric matrix structure for multi-spectral terahertz imaging with polarization resolution. The structure utilized the principle of terahertz to infrared conversion. Each cell of the structure was represented as a single fragment of an ultra-thin metamaterial absorber with polarizationselective resonant absorption at the prescribed wavelength. The metamaterial absorber with a configuration, "metasurface + grounded dielectric slab," provided unique possibility to design the pixels with different spectral and polarization sensitivity, using a single dielectric slab. The backside of the structure was covered with a high-performance infrared emissive layer. Absorption of terahertz radiation led to heating of the structure and increasing IR emission in the emissive layer, which was henceforth detected by the IR camera. The matrix structure consisted of cells with different spectral and polarization sensitivity, which provided multispectral terahertz imaging with polarization discrimination in a real time regime. Such an imaging scheme provided high operational flexibility, making it a relatively simple but multifunctional solution for terahertz imaging.
